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I.  Introduction 

This Annual Scientific Report covers work performed under Contract 

No. N00014-77-C..0102, entitled Excimer Potential Curves. This report 

describe- the present status of our effort to develop and implement 

semi-empirical and theoretical methods for obtaining potential curves of 

diatomic excimer systems. Our emphasis is on developing and testing methods 

which will be reasonably accurate yet will not require long lead times for 

development and will not require excessive amounts of computer time for 

production runs. The final objective is to enable experimentalists to 

choose or reject possible laser systems on the basis of inexpensive theore- 

tical calculations rather than on the basis of expensive and time-consuming 

experiments. 

We are particularly interested in developing methods that are applicable 

to excimer systems because of the current emphasis on these systems as 

candidates for efficient, high-power visible and ultraviolet lasers. After 

consultation with A.V. Phelps and A. Gallagher of J.I.L.A., we decided to 

concentrate initially on molecules of rare gases with Thallium, Indium or 

Gallium.. 

In the first annual report for this contract (referred to as AR1) we 

presented Configuration Interaction (CI) calculations on GaKr and used these 

results to extrapolate to potential curves for InKr and TIKr. These poten- 

tial curves were then used to predict the spontaneous emission and absorption 

coefficients for these systems. Since the first annual report, the numerical 

procedure used to calculate these coefficients has been refined and the 

2 revised results were published in the Journal of Chemical Physics ; a copy of 

this  )er is included as appendix A. 
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For systems with a large number of electrons, such as Tl-R (R is a rare 

gas atom), present CI programs are inadequate and offer no hope of extension 

in the immediate future. Consequently, our effort is concentrated on develop- 

ing and testing semi-empirical methods that can easily and rapidly be applied 

to the excimer systems of interest. This report covers our progress in this 

area. 

The basic theory for the effective potential method was described in 

detail in the first annual report and will be reviewed only briefly in section 

II. In order to«implement the effective potential method, we have had to de- 

velop a new molecular integral package. Because of the complexity of these 
3 

integrals, we used an algebraic programming routine, REDUCE,' to evaluate the 

analytic expressions needed. Details of this procedure are described in 

Section III. At the present time we are testing the first phase of our effect- 

ive potential program package on LiHe. Results of our preliminary calculations 

are presented and discussed in Section IV. 

■■ ^~=: 
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II. The Effective Potential Method 

This section briefly reviews the theoretical basis of our calculations 

using the effective potential method. For an excimer system AB, where A 

is a closed-shell system, most of the states of interest correspond to the 

asymptotic situations where B is excited but A is in its ground state. Fun- 

damentally, what the effective potential theory says is that any charged 

particle in B sees a potential (2;^), due to the closed-shell system A, which 

is the same as if the charged particle were scattered off of A. This scatter- 

ing potential is corrected for the fact that A is "de-polarized" relative to 

the scattering problem, due to the presence of the nucleus and other electrons 

of B. This theory is based on the model interaction potentials and response 

functions that arise out of the many body theory (using Schwinger Functional 

Derivatives) and that have been applied to scattering problems. 

Using many-body field theoretic methods it has been shown that the change 

in energy, c, resulting from the addition of an electron to a closed-shell 

reference system (referred to here as A) is given by the one-particle Dyson 

equation 

T(r)^(r)-»-jdr' E^(r;r';£)^(r) '-Ccjx r) 
(i) 

where T is the kinetic energy operator and ^ is the Dyson amplitude with r 

and r' bejng space-spin coordinates. Thus, the problem reduces to an effective 

one-particle problem in which this particle experiences an effective potential, 
A 

I ,  which represents all the other particles collectively, taking into account 

all effects such as polarization, correlation and exchange, etc. As might be 

expected, the cost of this simple formulation is that I   is an extremely 

complicated entity which is both nonlocal and energy dependent and which cannot 

rigorously be brought into closed form. However, it has been possible to 
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develop excellent closed form approximations to this potential which are based 

on well founded physical concepts. Most notable among these is the Random 

Phase Approximation (RPA) potential, j:Rp., which has been very successfully 

used in calculating the ionization potentials, excitation energies, oscillator 

strengths, and elastic-scattering phase shifts for He . ERp. has also been 

used to accurately calculate the ionization and excitation energies of Li . 

Moreover, it has been shown that this ab initio potential encompasses other 

phenomenologically derived semiemperical potentials which have been used by 

other workers with great success . 

In the first annual report we showed how the same many-body techniques 

could be applied to the problem of adding me electrons and mn nuclei of mass 

M^6 to a closed-shell reference system (A). By assuming that 1) all three- 

particle and higher potentials can be neglected, and 2) the non-adiabatic, 

energy dependent potentials can be replaced by their hermitian, energy in- 

dependent, adiabatic approximatis, we separated the electronic and nuclear 

motion and obtained the following equations. We take system B to consist 

of me electrons and mn nuclei with a fixed internuclear geonetry. The 

intermolecular potential of the system A-B as a function of the separation 

between A and B is then 

V*(R)=E'6(R)-E;*V*nüC(R) U) 

where 

V6
A
nüC(R) = -L EA(R<:2f;M?) * ^L W^Rj: zf.Z/), {3) 

.fv.__ 
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and where 

o   e 

E°a"C + Xj if^.l (4) 

is just the electronic energy of isolated system B and where Eg (R) 

is given by 

LH(r1...rM.R) + ridr/(E
/,(rlir/:/;/)-Lw

/,(r<,RJ;r/;/,z;)) 

ydr/dr;WV^ir;>r/;/,/)Jt0(rI...r^)-E^R)YB(n...rmt). 
m, 

+ 
l> 

(5) 

H is the usual hamiltonian for m electrons in the field of mn fixed nuclei: 

H(r(...rrn-,R)«L(T(n)-"L n^Rjl) 
+ L Uv^l 

fT;     fry 0 (6) 
W is a two-particle effective potential which represents how the presence of 

one particle affects the potential seen by the other particle and which reflects 

the fact that system A can act as a dielectic medium to shield the Coulombic 

interaction between two charged particles. 

Therefore, given that we know Eg, we are left with two problems. The first 

A    A 
is to obtain good closed form adiabatic approximates for i   and W , and the 

second is to find the solutions of equation 5. Various means of solving these 

problems were discussed in AR1. In the remainder of this section we will 

outline the procedure we are using. 

The one- and two-particle effective potentials I   and w appearing In 

equation 5 are hermitian adiabatic approximates to the true field theoretic 

potentials. As we have mentioned,such potentials can be obtained In closed 

*•<!••" 
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ab initio form using many-body theory within the framework of the RPA approxi- 

mation and taking the adiabatic limits. However, while these potentials are 

tractable they are nonetheless quite complicated and their use would entail 

considerable computational effort. In view of the perturbative nature of our 

theory it is reasonable to expect that we could use potentials having simpler 

forms. Such simpler potentials can be obtained by making moment expansions 

of the RPA potentials and truncating these expansions in a physically meaning- 
o 

ful manner . When this is done, the resulting potentials can be cast in forms 

which are very similar to phenomenologically derived semiempirical potentials 
9 

which have been used by other workers with condiderable success . Therefore, 

it would seem that the use of complicated ab initio potentials is not warranted 

(although we do reserve the option to do so) and that we can take our potentials 
q 

to have semiempirical forms similar to those used by Dalgarno and by Victor , 

namely 

jdr'E (r;r';2;M) = V + J Jr'CH1;(r;r';2) "-JTr Ut(kr) 

2 rfc    Uf^r) 

*ix{(x0 * a,r »a^rM e (7) 

and 

.A 
( o(   Z Z 

"■^L Lvwu/k) pk{toi yj, (8) 

•- r--. 
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where we have chosen our coordinate system to be centered on A which for sim- 

plicity we now take to be an atom having a nuclear charge of z 

i--— y 

and where 

Hn(x) 

"12 

Pt(x) 

A 
ad 
A 

{a.} 

(1-e  ) is a cutoff function 

angle between vectors r, and r« 

legendre polynomial of the i     degree 

dipole polarizability of A 

approximate quadrupole polarizability of A (adjustable) 

dynamic correction constant 

approximately 1/2 r where r is the effective radius rr 0 0 

of A (adjustable) 

adjustable tnonopole parameters 

and 

r      tr-r')  »   Z_      ~ r1  
(9) 

is the static Hartree-Fock potential of A with t*^ being the nA spatial 

Hartree-Fock orbitals for the electrons in A . Pr . is the permutation 

operator if r is an electronic coordinate whereas Pr r" = 0 

^»■wt>^»«^afc-^.^fc^   ■■ 

.;-   iJ.ir--^--.^    E.-^—^^—- 



if r is a nuclear coordinate. Note that all quantities are now purely spatial 

A    A 
and that Z   and W are therefore explicitly spin independent. 

In (7) the first term is simply the potential due to the nucleus of A 

and the second term is the static Hartree-Fock potential for the electrons in 
A 

A occupying the spatial orbitals {*.}. The next two terms in (7) are 

asymptotically correct induced dipole and quadrupole polarization potentials 

which die off rapidly at short distances from A. The term in ß, describes 

dynamic effects and is negligible when R is a nuclear coordinate. The final 

7 8 term is an induced monopole term '  which also serves as a short range cor- 
o 

rection potential. In the calculations of Dalgarno and of Victor these short 

range terms are combined with a pseudopotential.  The terms in (8) describe 

an asymptotically correct dielectric potential which properly cancels out 

one-particle induced dipole and quadrupole polarizations of A due to two 

particles of the same charge when these particles are on opposite sides of A. 

That these potentials represent a significant simplification over the ab 

initio potentials is clear in that our two-particle potential is strictly local 

and the only nonlocal term in the one-particle potential is simply the usual 

Hartree-Fock exchange potential. However, despite their simplicity, potentials 

such as these have been used very successfully for a variety of problems in 

the past and should therefore be quite adequate for our purposes. 

As was demonstrated in AR1, the two-particle potential of equation 8, 

can be written in terms of one-particle operators only; 

Jdr.'dr,'WV.r^r;) = ' £ Q,(r,) Q,.^)    (10ä) 

■  ■   ■:-.  .' 
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where 

(10b) 

Q^r) = i/^lrr^dclrDP^cos e) 

Q2{r) - VÖJ kr2W3(k|rI) P]{COS e) cos * 

Q3(r) e v^d irr2w3(kir') pi(cos ö) sin * 

Q4(r) - >/^"|rr3W4(k|r|) P2(cos o) 

Q5(r) =/l73'>/^'|rr3W4{k|r|) pJ(cos 6) ens 4 

Q6(r) =/T73^"|rr3Wr(k|r|) pJ(cos e) sin * 

Q7(r) =/T7l2^  |rr3W4(k|r|) P2(co? e) cos 2* 

Q8(r) -/yUyf^ kr^Cklrl) P^Ccos 0) sin 2* 

Given a set of semi-empirical  parameters for the effective potential, we 

solve equation 5 by variational methods.    Solutions can be obtained at two levels 

of complexity, analagous to SCF and CI calculations on atom B in the presence 

of an external  potential  representing atom A. 

The remaining problem is to obtain values of the semi-empirical parameters. 

Ue intend to solve this problem by applying the perturbation treatment given in 

ART.    We showed that the first-order perturbative expression for V^ is simply 

v8*-v«     ^fjl/lt) ß V&|nÜC ^   xoiw    l   i8 / (^j 

1 

J 

T 
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where rr» Elicit fr,^ ••■n 

i>i J 

A, '      ' -  \ 

J2? 

- L PV * E. i^^'-o)        na) 
I«/ Oy 

and f« is the wavefunctlon for isolat'd system B. We assume that we know 
D 

some potential curve, from experiments or calculations for the interaction 

of A with B'. We can then use this known curve and equation 11 to fit the 

A A 
parameters for U . If we assume that U is not a function of B', we can use 

A , 
this potential to calculate Vn for other atoms B or for other states of B'. 

In the following section we return to the problem of solving equation 5 with 

an assumed form for the effective potential. 

-? 
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III. Details of the Calculation 

In developing a program package to implement the effective potential 

rnr-tiod, our goal was to make the package as general as possible. To achieve 

thi;i, we have made our effective potential program EFFPOT compatible with the 

CVB II  SCF and CI programs. This program package is a gaussian basis 

function, molecular SCF and CI routine which will enable the present version 

of EFFPOT to be extended to large molecules. The version of GVB II that we 

are using has an option ror replacing the atomi" cores by a pseudopotential; 

however, the form of this built-in pseudopotential is different from those 

being developed for large atoms ! The modifications needed to make use of 

available pseudopotentials would be relative1y easy. 

The GVB II progam pack» - consists of a number of sequential program 

stips which are outlined belov«. 

I. Integral generation     a) PLYLABS - creates list of unique 

Integral labels 

b) PLYINTS - evaluate? integrals 

2. Integral preprocessing  a) PLYIJLK' 

b) PLYPAIR 

convert output of PLYINTS 

to form needed for input 

to GVB II 

3. SCF 

4. CI 

GVB II 

a) CORTRN       transforms to molecular basis 

b) CIPROG 

■•• ■'**■'.. 



To perform an effective potential  calculation, the program EFFPOT is inserted 

between steps 2a and 2b. 
A 

EFFPOT calculates the additonal  integrals required, «b]\z   {$ ■> and 

<*<|QnU<>  (see equations 7-10), and modifies the integral  tape so that the 

insertion of an effictive potential  is transparent to GVB II.    These integrals 

have not been previously evaluated for gaussian Kasis sets, and because of the 

cut-off functions in z   and Qn and the angular uc.^endence of Qn, the evaluation 

of these integrals is rather complicated, especially for two-center integrals 

containing basis functions for I > o. 

Although it is relatively easy to construct an algorithm for evaluating 

these integrals, the algebraic detail rapidly becomes overwhelming.    To 
3 

alleviate this problem, we used the algebraic programming system REDUCE    to 

produce the FORTRAN code required to evaluate these integrals.    An explanation 

o* the algorithm used to derive the integral expressions and an example of 

the input to REDUCE are given below for one of the more complicated integrals. 

The integral we shall consider is 

< PxE I    Q4   I PxF> (13) 

where the superscripts indicate the atomic center on which the (basis or 

potential) function is    centered, Q4 is defined by equation 10b and Px indicates 

a "p^1 gaussian basis function.    This integral  can be written explicitly as 

<P/IQ:IP> 

-fÄh   I. (U) 

'■^^^»ff/J, ,Ji Wr 
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Using the relation 

rl ( c o5 Ä ) = 
32Ä-r* 

we can write 

I = "I Jdr /^■"^Uj^rJ^r^x, e^r'" 

-ildt .«(r. 
xee"   e^ar0)r6-3xpe^r' 

(15) 

• 
(16) 

I 

In^der to obffn the ten, z| . „e „in set up a fake gaUSSla„ on center B. 

e       . and „ove the mkrByrl Um to a fake center. D, after evaluating the 

resulting integral, „e „in take the limits 0 * B and c* 0.    Using the 

relation 

zle •crn' = ttik e^ *ih- zc e 
-cr0 

(17) 

we obtain 

l.m    Urn     X-l Al    [jLjJl    T    *      L   T   ? 
I,  -  c^o D-ß   2   2V/3 ^^ UVaO;   ^71   -1-3J     (18) 

where 

la^J^e-^V^r^ü^krJe-^ (is)  ;i' 

We can also write 

I, = d*- 
*      ^/3 a£,3)r  -L'* 

(20) 
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where 

I^/dr.-'V^Vu^). 
8/ . (21) 

We can then apply the rule for combining gausslans on two centers. 

-P( v^= Ä-v^e-^ e   e   = e (22) 

where     V * d+ß 

REF Is the distance between centers E and F. and center A Is defined by 
(22a) 

(22b) 
We then use the Fourier Convolution Theorem to obtain the following expressions 

for I3 and I4: 

I3-e    r*e*&   T^l 
where 

I5- s   Mr e" ^ r'/ Uuikr,) 

(23) 

(24) 

and 

(25) 

where 

I,. * j^T e"yrÄr0-3(J,rkrß) (26) 

^efdr r-^MU«^. e^^ ^"'^ 
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In these equations 6 = y + c  and G is the center obtained by combining 

Gaussians on A and D. The derivatives and limits in equation 18 are obtained 

analytically by REDUCE and the result is that equation 18 is written as a 

sum of integrals with forms similar to those given by equations 24 and 26. 

These basic integrals are evaluated numerically and summed to give the result 

for <Px (Q4 I Px*. To obtain expressions for this integral in the case 

where any of centers E.F.B coincide, REDUCE is used to obtain the appropriate 

limit (E ■>  F, for example). The REDUCE commands used to evaluate all (fy 

integrals are given in Appendix B. The output from this REDUCE cede is 

rearranged, using additional REDUCE commands, to produce FORTRAN code which 

can be inserted directly in the integral evaluation subroutines. 

The present versions of the EFFPOT integral routines are restricted to 

two centers and s or p basis functions. Our tests of this program on LiHe 

are described in the next section. 

'■y^^Fiv... ^ 
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IV   Test Calculations on LiHe 

In this section we present the results of the first stage of our tests 

of the effective potential method.    We have chosen LiHe as the test system, 

and in this stage of the tests we assume that the parameters of our semi- 

empirical  potential are known. 

Values of ad and «„ can easily be obtained; however, it should be 

pointed out that in a semi-empirical  potential, each parameter plays a 

dual role.    Besides describing the physical effect to which it most obviously 

corresponds, each parameter also serves to correct for the deficiencies of 

the semi-empirical model.    Consequently in the best fit for the potential 

parameters, the values of qt(j, ctq, etc., should not be expected to equal 

the physical  quantities.    The values for the cut-off functions and for the 

short-range part of the potential are harder to obtain.    Our initial desire 

12 was to use the parameters obtained by Peach.       She calculated the parameters 

for a model  potential describing one electron outside of He by fitting the 

parameters to electron-He atom scattering data.    Her model  also included a 

pseudopotential  to represent the Hartree-Fock potential of He; this fact 

makes it impossible to separate the pseudopotential from the short-range 

terms needed for the effective potential  (see equation 7).    Consequently, 

for our test calculations, we use Peach's values for ay, aq', 3 and her 

cut-off functions.    In addition, we have guessed a value for ao (equation 7), 

so that the short-range potential has only one term. 

The exact forms of the potentials used in our test calculations are 
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fdr'EVjr'.-z)  =  -V"   + z/dr'E^r.T') 
+ zaa0e"r-   2 r* Uj^r)-T7* ^(a'r)      (27) 

Where W   Is defined by n 

'ftFt X3(/3r,)X3(/3rJR(coS)r,J    (28) 

2 

UJn(/) = E Xn^)] (29a) 
and 

Xn(*) =  I - exp(-x)L   ml j^o (^7)! 
ir>iO (29b) 

CK' = ( c^^ " 6/3,/M ) . 

The values of the parameters used are given in table 1 . 

In tables 2 and 3 and figures 1 and 2, we compare the effective potential- 
13 

SCF (EP-SCF) calculations with SCF     and restricted CI calculations for the 
13 

same basis set.    The basis set is that of Krauss, Maldonado and Wahl    .    We 

have not yet completed the effective potential-CI (EP-CI) or full  CI calcula- 

tions.    The restricted CI claculations presented here have the same aymptotic 

limit as the EP-CI calculations, but do not fully allow for distortion of He 

at intermediate distances.    In comparing these results, it should be noted 

that the EP-SCF results havt the same R-»■ »   limit as the SCF calculation, 

but that at intermediate distances, the EP-SCF results go as 1/R   while 

the SCF calculations cannot give this dependence.   Also, the full CI claculations, 

which allow for more He polarization, should give more attractive interaction 



-19- 

tu 
> 5? 

er 
~J 

(D 

r+ ■MI 
rr 
A 

S p tD_ P ru P -<        D'           M 2" T i) - o. o      a> 

m 
(0 
1 
tn 

Dl 
3 
0) 
r+ 
m 
-i 

(0 
X 

s 3» 
■o 

o 

tu ro o ro ro —' —i              ro o 
3 
O. 

• • 
Li 

* 
o L> Ul       o 3 

r+ •at oi ro lO 00 vo      oi 
-; co —* M vo CO 

00 j» ro ro ■f» t 
■Mi Dl o ro c» -» CD 

fD o. 

sr ro 

n 
3 

3 
ro 
o. 

^» 

ro 
3? 
Dl 
O 

■8 
01 

3" o • 3 

ro 
ro 

? 
ro 
H 

x ro 
Dl 



-20- 

7* 
-i 
O 
c 
VI 
in 

o oo c-. CO ro 

CD 

I 
3 

O. 
o 

tu 

Q- 

tu 
3" 

CJ 

fNi 

(O 

VD 

rvj 

en' 

ro 
to 
w 
OJ 
en 

i 

o • 
ro 
vo 
CO 

ro 
ro 

CD 
cn 

ro 

CO 
o 

1^ 

I 

o 

ro 

ro 
ro 
cn 
ui 
CO 

i 

o 
ro 

co 

ro 
oo 
vo 
oo 
oo 

ro 
ro 
cn 
o 
oo 

i 
—i 

o • 
ro 
CO 

o 

ro 
oo 

cn 

ro 
ro 

ro 
oo 

ro 
oo 
oo 
vo 

oo 
o 
vo 

ro 

o 
cn 

oo 
O 
vo 

ro 

o 

co 
O 
ro 
ro 

ro 

o 
VO 
o 

oo 
o 

vo 

i 

o 
• 
ro 

oo 
oo 

ro 
vo 
vo 
CO 
00 

ro 
■o 
ro 
oo 
ro 

ro 

oo 
cn 

ro 
ro 
-P» 

cn 

ro 

cn 

i 

o 

VO 
w—l 

00 

I 

o 

-p« 

cn 

M 
M 

<S1 
o 

# 

00 

vo 
^1 

ro 
M 

ro ro ro ro ro ro _j ro ro ro ro ro ro ro 4» sS *» 4» on cn cn oo o 
-vl «>J o ^ ■*» VJ ro oo -■o O cn «n ro VO 

o 

ro 

s 
CO 

ro 
co 
vo 
oo 
oo 

ro 
o 
ro 
ro 
vo 

i 

o 

cn 
.*• 
cn 
00 

oo 
o 

to 
M 

O 

ft 
"I 

tu 
cr 
fD 

ro 

a> 

o 
ft- 
tu 

n> 
-i 

va 

m 
V) 

tu 
-1 
r+ 
1 ro 
ro 
VI 

£ 
ro 
a. 

■r 



-21 

-i 
CU 
c 

o 00 Oi Ul 
00 ro 

s- 
tu 
D. 
O 

tu 
3 
O. 

3- 

O 
O 
o 
o 

o 
o 
o 

OJ 

o 
o 
o 
o 

o 
g 

o 
§ 
o 
ro 

o 
o 
o 
o 
03 

o 
o 
g 

o 
o 
o 

tn 

§ 
o 

o 
o 
o 
o en 

o 
o 
8 

o 
o 
o 
o 

o 
o 

o 
o 
o 
en 
ro 

o 
o 
ro 

IT. 

O 
O 
O 
ro 

o 
o 
ro 
w 
o 

o 
o 
ro 

o 
o 

o 
tn 

o 
o 

ro 

o 

CO 

o 
o 
o 
-J 
ist 

o 
o 

o 
o 
ro 

ro 

o 
ro 

o 
o 
o 
2 

o ro 
o M 

IM 

o 
o 

o 
o 

tn 

o 
o 

o 

o 
o 
o 
ro 

o 
o 

o 
o 

en 
en 

oo 

co 

o 
o 
o 
ID 

O 
—i 

*-l 

Ul 

o 

o 
tn 

i 
t/i o 
11 

^ 

o 
00 

tn 

M 

t/1 
O 

(U 

o 
o 

ro 
00 

o 
~J 
ro 
to 

o 
io 
en 
o 
00 

tf 

cr 

ro 

3 
rf 
ro 
-I 

o 

ro 

to 
M 

mh 
O 3 
»—* 
.^-H 3. 
-1 ft» 
re T 
01 rt 
«+ -5 
T m 
•«4 ro 

J^ n in 
^ 

ro 
a. 

o 
ro 
o 
o 
o IM 

\# 



.22- 

References 

1. H.S. Taylor, M. Valley, C. Watts, and F. Bobrowicz.    "Excimer potential 
curves,"    Annual  Report No. 1, ARPA contract no.    N00014-77-C-O102 
Feb.  1, 1978. ' 

2. T.H.  Dunning, Jr., M. Valley and H.S. Taylor, J.Chem Phys. 69. 2672 
(1978). —" 

3. A.C. Hearn, REDUCE 2 Users's Manual, Second Edition, 1974. 

4. B. Schneider, H.S. Taylor and R. Yaris,  Phys. Rev. Al, 855    (1970), 
G. Csanak and H.S. Taylor, Phys. Rev. A6, 1843 {]97lJ, 

5. B.S. Yarlagadda, G.  Csanak, H.S. Taylor, B. Schneider and R. Yaris, 
Phys. Rev. A7. 146 (1973); L.D. Thomas, G. Csanak, H.S. Taylor and 
B.S.  Yarlagadda. J. Phys. B7. 1719 (1974). 

6. B. Schneider, H.S. Taylor, R. Yaris, and B.S. Yarlagadda, Chem. Phys. 
Letters 22, 381  (1973). 

7. G. Csanak and H.S. Taylor,  Phys. Rev. A6, 1843 (1972); G. Csanak and 
H.S.  Taylor, J.  Phys. B6, 2055 (1973)/ 

8, 

9, 

S.W. Wang. H.S. Taylor and R. Yaris, Chem. Phys. 14, 53 (1976). 

A. Dalgarno, C. Böttcher and G.A. Victor, Chem. Phys. Lett. I,  265 
(1970), C. Böttcher and A. Dalgarno, Proc. R. Soc. Lond. A 340 
187 (1974); D.K. Watson, C.J. Cerjan, S. Guberman and A. Dalgarno, 
submitted to Chem. Phys. Lett. 1977. 

C Laughlin and G.A. Victor. Atomic Physics 3, 247 (1973). 

10. N.W. Winter, F.W. Bobrowicz and W.A. Goddard III, j. Chem. Phys. 62 

11. Y.S. Lee, W.C. Ermler and K.S. Pitzer. J. Chem. Phys. 67. 5861 (1977) 
W.R. Wadt, P.J. Hay and L.R. Kahn, J . Chem. Phys. 68 1752 (1978). 

12. G. Peach, J. Phys. B ]]_,  2107 (1978). 

13. M. Krauss, P. Maldonado and A.C. Wahl, J. Chem. Phys. 54, 4944 (1971), 



-23- 

Flgure Captions 

1. Interaction energy for LiHe H state. 

O  connected by solid line; EP-SCF results. 

H   SCF results of Krause, Maldonado, and Wahl13. 

• restricted CI calculation. 

2. Interaction energy for LiHe 2ri state. 

0 connected by solid line; EP-SCF results. 

Q SCF results of Krauss, Maldonado, and Wahl13. 

• restricted CI calculation. 
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11wi cuuarsiaares^jT me iow-lying electronic states of 
GaKr, including extrapolation to InKr and T{Kra) 
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Mexico 87545 

V 

Marcy Valley and Howard S. Taylor 

Department of Chemistry, University of Southern California, Los Angeles, California 90007 
(Received 25 April 19/8) 

We report ah inilio configuration inlcrfaelion calculations on the states of the gallium krypton (GaKr) 
molecule arising from the Ga(2/,1,U,„>S1„) + Kr('S0) and Ga+(I.V0) ^  KrCs0) separated atom limits. The 
potential energy curves for tne states arising from the ua(2/'l/, j,,) limits, the / 1/2, // 1/2, and / 3/2 
states, are found to be rcrulsivc. The potential energy curves for the states arising from the Gaf'S,,,) and 
GaU'i'o) 'im'", 'he ill 1/2 and I 0 slate-,, are both found to be weakly bound; D, till 1/2) = 0.047 
eV and 0(1 0) =.  0.24 eV. The potential cnergy curves and transition moments obtained in the GaKr 
calculations have been used to simulate the curves and moments for InKr and TIKr. Using this dcta the 
absorption and emission coefTicients of all 'iiree molecules have been calculated. 

I.   INTRODUCTION 

The Group III A-rare gas excimer molecules are con- 
sidered to be attractive candidates for developing an ef- 
ficient, high power, tunable laser in the visible region 
of the spectrum.'  The transition under consideration is 
a perturbed ln + l)*Suz-nzPini3/z transition of the Group 
IIIA atom.   While current experimental studies have 
concentrated on the thallium-rare gar systems, especial- 
ly TlXe, as the most promising candidates, Gallagher2 

has recently raised the possibility of using the gallium- 
rare gas systems by obtaining gallium atoms from the 
dissociation of Gal,. 

To provide further information on the nature of the 
excimer states involved in these studies, we report here 
ab initio configuration interaction calculations on a pro- 
totype Group III A-rare gas diatomic molecule, GaKr. 
We present the potential energy curves for all of the 
states arising from the neutral Ga(EP1/2ij/?, 

iSlli) 
+ Kr{,S0) and ionic Ga'CS^ + KrC'S,,) separated atom lim- 
its and the dipole transition moments radiatively cou- 
pling the states.   We then use the computed potential 
curves and transition moments for GaKr, along with the 
experimental atomic spin-orbit coupling c instants, to 
model the curves and moments for InKr and TIKr.  With 
this data we calculate the emission and absorption coef- 
ficients for all three systems using the classical tech- 
nique developed by Gallagher and co-workers,1* 

•'Research supported In part by the V. S, Department of En- 
ergyand by the Advanced Research Projects Agency under 
contract NOOOH-77-C-Ü102. 

"Present address:  Theoretical Chemistry Group, Chemiatry 
Division, Argomie National Laboratory, Argomie, Illinois 
60439. 

and the ionic Ga'CSJ + KrCS) limit gives rise to a xf 
state.   We will label the states which arise from the 
valence limit the l2n and 12X* states, that from the 
Rydberg limit the 22S* state and that from the ionic lim- 
it the I'E* state. 

The orbital diagrams for the l2n, I'X*, and 1 's*states 
of a GroupIIIA-rare gas molecule are given in Fig. 1, 
From these diagrams it is evident that none of the re- 
sulting potential energy curves are expected to be chemi- 
cally bound.   In the ionic state, however, weak binding 
can result from the charge-induced dipole interaction of 
the Group IIIA ions and the rare gas atoms.   In fact, this 
Interaction might also bo expected to give rise to a weak 
binding in the 22z;* state.   Since the Rydberg orbital of 
the Group IIIA atom is diffuse, the approaching rare gas 
atom can easily polarize the Rydberg orbital out of the 

THE LOW-LYING ELECTRONIC STATES 
OF GaKr AND GaKr* 

V n 
Ga Kr Ga Kr 

VALENCE 

II.   ELEMENTARY THEORETICAL CONSIDERATIONS       RYDBERG 

Let us first consider the description of the states of 
the Group IIIA-rare gas molecules without spin-orbit 
corrections.   The valence Ga(8P) + Kr{'S) separated atom 
limit gives rise to a 2n state and a ^ state, the Ryd- 
berg Ga(2S) + Kr(1S) limit gives rise to another 's* state 

* U  '    Ü 

Go* Kr 

ION C§Dcgo 
FIG. 1.   Orbital diagrams for tht low-lying electronic states 
of GaKr and GaKr'.   The two lobed figures represent 4p Orbi- 
tals in the plane of the paper; the circle represents a ip orbi- 
tal perpendicular to the plane of the paper   <\M 5S Rydberg 
orbital is represented by ft large dashed eucie. 
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interatomic region, thus partially unKhiolding the Group 
I1IA ionic core.   The binding in the Z^:' stale should, 
of course, be substantially less than that in the 1 '£* 
state. 

For the valence states the repulsivencss of the curves 
should be roughly proportional to the number of/xr elec- 
trons since the overlap of the two atomic charge distri- 
butions Is dominated by the overlap ot the pa orbitals. 
Thus, the polenlial curve for the 12II state with two/>CT 

electrons should be less repulsive than that for the 12£* 
state with three pa electrons. 

As wo shall later see, at short internuclear separa- 
tions the energies of the l's* and 22S* states are nearly 
equal and there is a strong interaction between the two 
states.   This mixing is strong in spite of the fact that 
one state is a valence sta'-' and the other a Rydberg 
state because the two zero-order configurations (see the 
next section) differ by only a single excitation. 

• 
A complete treatment of the electronic states of the 

Group IIIA-rare gas molecules must include the effects 
of spin-orbit coupling.   Using the simple model devel- 
oped in earlier papers for including the effects of spin- 
orbit coupling in diatomic molecules,3 only the l2fl and 
l'S' states are affected by the spin-orbit interaction, 
and the coupling arises solely from the spin-orbit inter- 
action in the Group IIIA atom.   For gallium the ^I/J- 

'^s/z splitting is only 0.10 eV4; however, by thallium 
this splitting has increased to 0.97 eV.4 

In a molecule only the z component of the total angular 
momentum, 

,n=A+s1 , 

is a good quantum number.   Thus, from the Ga(JP1/J(,/2) 
+ Kr{1S0) separated atom limits we obtain two 0 ■ 1/2 
states and one Q^3/2 state (the / 1/2, // 1/2, and / 3/2 
states), from the GaCS^ + Krl'So) Umit another n= 1/2 
state (the /// 1/2 state), and from the Ga,(lS0) + KrCSj) 
limit an 0= 0 state (the 1 0 state).   At large internuclear 
distances the / 3/2 and // 1/2 potential curves are degen- 
erate and are separated from the / 1/2 (ground state) 
curves by the group IHA PJ/J-'FJ* splitting.   As the 
distance decreases the 121I and 12S* curves rapidly 
separate, the separation increasing approximately ex- 
ponentially.   As a result at short distance the atomic 
spin-orbit coupling Is nearly quenched and the / 1/2 and 
// 3/2 curves approximate the 12n curve and the // 1/2 
curve approximates the 12S* curve.   The potential 
curves of the 2*Z' (III 1/2) and 1 's* (/ 0) stales are un- 
affected by the Inclusion of spln-orblt coupling. 

III.   DETAILS OF THE CALCULATIONS 

A.  Basis sets 

The calculation • employed an atomic (HsllpSd) primi- 
tive Gaussian basis set for both the gallium and krypton 
atoms.' The core orbitals (Is,2s,3s,2/),3/), and 3d) 
were contracted to a single function while the valence 
orbitals (4s and 4/0 were contracted to two functions 
using the general contraction method of Raffenctti* (see 
also Ref. 7).  These atomic basis sets were augmented 

with a single sot of 3c/ functions, fa, = 0.16 « .J tKr 

= 0.35, to describe molecular polarization effects.   The 
values of those cxpononts wore based on calculations on 
other excirner laser systems.''' 

Since the transition ot interest involves tho first Ryd- 
berg state of tho gallium atom, the gallium basis set was 
augmented with two diffuse s functions, S, ^0.026 and 
0.011, and a diffuse/» function, ^ = 0.010, to describe 
this state.   Tho exponents of those functions were ob- 
tained from Hartree-Fock (HF) calculations on the ZS 
and 2P Rydberg states of the gallium atom. 

The final basis sets thus consisted of a (ISslZ/iGc/) 
primitive set contracted to [ls^p2d] for gallium and a 
(14sll/)6c/) primitive set contracted to [5s4p2fl\ for 
krypton. 

B.  Calculations on the gallium atom 

The reference orbitals for the configuration interac- 
tion (CI) calculations on the gallium atom wore obtained 
from a Hartree-Fock (HF) calculation of the iP state of 
the atom with the configuration 

8P: AsHp (1) 

(The 4p set includes all three cartesian components and 
all are equivalent.)  The Rydberg 5s orbital was ob- 
tained from an IVO calculation8 using tho 4s2 core.   In 
terms of these orbitals the reference configurations for 
the other states of interest are 

4s85s lS: 

'S:  ... 4s2 . 

(2) 

(3) 

Both polarization CI (POL-CI)10 and full CI calcula- 
tions have been carried out on the above states of the 
gallium atom.   The POL-CI calculations include all 
single and double excitations relative to configurations 
(l)-(3) with the restrictions that 

(1) all core orbitals (ls-3s, ?p~Zp, and 3rf) remain 
doubly occupied and 

(2a) no more than one electron occupy the Rydberg 5s 
aw/virtual orbitals (2P and 's states) or 

(2b) no more than one electron occupy the Rydberg 5s 
orbital and no more than one electron occupy the virtual 
orbitals (2S state). 

The POL-CI calculations involve 22 space and 33 space/ 
spin configurations for the ZP state, 27 space and 43 
space/spin configurations for the 2S state, and 15 space 
and 15 space/spin configurations for the lS state.11 Note 
that the POL-CI wavefunctlon accounts for the 4s2-4/)! 

near-degeneracy effect. 

The less restrictive condition, (2b), for the 2S state Is 
necessary to obtain a comparable description of this 
state.  Only by relaxing condition (2a) can configurations 
such as 

• • • [i!>np]5s 

be Included In the POL-CI wavefunctlon of the tS state. 
These configurations account for tho first-order differ- 
ence between the 4/- orbital obtained from the calcula- 
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tlons on the lP state and the p orbital needed to describe 
the angular correlation of the As1 pair (4"!-4/) near de- 
generacy) and are quite important.   Comparable config- 
urations are automatically included in the POL-C1 wave- 
functions of the lP and 'S states. 

The full CI calculations include all excitations (single- 
triple) relative to the configurations {l)-(3) with only 
restriction (I) above.   The full CI calculations include 
157 space and 263 space/spin configurations for the ZP 
state, 204 space and 306 space/spin configurations for 
the *S state, and 42 space and 4" spa^e/spin configura- 
tions for the 'S state."  Within the frozen core approxi- 
mation the accuracy of the results obtained from the 
full CI calculations is only limited by the completeness 
of the basis set. 

C.   Hartree-Fock calculations on GaKr 

The reference orbitals for the POL-CI calculations10 

on the GaKr molecule weivo obtained from an HF calcu- 
lation on the 12S' state with configuration" 

••• 13ail14o-*15(rJ16(T7rr4 . (la) 

In the POL-CI calculations the core orbitals (12 a orbit- 
als, 12 tr orbitals, and 4 fi orbitals) are always required 
to be doubly occupied and so it is convenient to renum- 
ber the valence orbitals so that (la) becomes 

iV: \aHolZalAaW . (lb) 

As ft-00 the above orbitals become 

la-As^    U-Aptit 

2ff~4/)aKr 

3cr-4s0t 

4a - 4/>(70t 

The JVC method,* with a la42ff23a2l)r4 core, was used 
to generate the valence Zv and Rydberg So- orbitals.  As 
A-« these orbitals become the Apt and 5s orbitals of 
the gallium atom.   The virtual orbitals were also ob- 
tained from the IVO calculations. 

In terms of the orbitals defined in this way the refer- 
ence configurations for the other states of interest are" 

l*n:      la*2(r!3ff2lj742jr 

a'E*:    Iff^ff^Salir* 

I'E*:    i<T*2ff*3ff*lir4    . 

(2) 

(3) 

(4) 

D.   Polarization configuration interaction 
calculations on GaKr 

Th.' POL-CI calculations10 on GaKr included all single 
and double excitations relative to the reference config- 
urations given above with the restrictions that 

(1) all core orbitals remain doubly occupied and 

(2a) no more than one electron occupy the Rydberg 59 
and virtual orbitals (2n and lS* states) or 

(2b) no more than one electron occupy the Rydberg 
5a orbital and no more than one electron occupy the 
virtual orbitals (2z:* states). 

For the lYl' states the calculations considered both states 
simultaneously.   This procedure results in 556 space 
and 1565 space/spin configurations for the zll states, 
764 space and 2314 space/spin configurations for the 
*£* states, and 368 space and 558 space/spin configura- 
tions for the '£' state. 

The less restrictive condition, (2b), is necessary for 
the 2£* states to allow for configurations such as 

Iff^a^TrwnlScrljT4  , 

which are important in the description of the Rydberg 
lI.' state.   As was the analogous case in the gallium 
atom, these configurations are necessary to allow for 
the inclusion of the 4s2-4pa near-degeneracy effect in 
the molecular wave function. 

E.  Inclusion of spin-orbit coupling in GaKr 

As in our earlier calculatiovis on excimer systems ,5■,, 

we have adopted a simple model3 for including the effects 
of spin-orbit coupling on the calculated potential energy 
curves and wavefunctions.   The experimental spin-orbit 
parameters for the open-shell atom, gallium in the 
present case, are used to determine the matrix ele- 
ments of the spin orbit Hamiltonlan, H,,,, coupling the 
molecular states at fl -«.   These matrix elements are 
then assumed to be independent of R and are added to 
the diagonal matrix of the electronic energies 

H0(fiM„£,(fi) + H, (5) 

The energies and wavefunctions with spin-orbit correc- 
tions are obtained by diagonallzing Hn(fl).   This proce- 
dure is reasonable only so long as (1) the molecular 
states retain the identity of the atomic states from which 
they arise and (2) the atomic contributions to the molecu- 
lar spin-orbit Interactions are dominant. 

For GaKr the spin-orbit Interaction affects only those 
states which arise from the Ga(JP) + Kr(1S) limit.   The 
Hamiltonlan matrix for the 0 = 1/2 states arising from 
this limit Is 

H o-i/« „ (6a) 
V2X,,.     E(\ll\)~\Qi_ 

and for the 0 « 3/2 state' is 

Hn-i/, = £(lln) + A0i . (6b) 

In (6) X0, is one third of the 2Pj/|-*P,/g splitting In the 
gallium atom.   The energies of the 2'z;* and 1 'E* states 
of GaKr are unaffected by the inclusion of spin-orbit 
coupling.   The wavefunctions for the states obtained by 
diagonallzing (6) may be written In the form 

|/l/2) = co8ö| l'n.Ä + slnöl l*£*a) 

17/1/2) = - r.inö| 1 'n,^ + cosö 11 *£• a) 

|/3/2Hl2M> , 

{7a) 

(7b) 

(7c) 

where 9 Is the spin rotation angle.  The wavefunctions 
for the I/// 1/2) and I/O)states are 

|///l/2H2*ra> 

1/oHW • 
(7d) 

(7e) 
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TABLK I.   Cnloulaliona on the ,P, 'S, and 's (ion) stales of 
(Ja and the  S stall' of krypton.    For Oa the experimental re- 
sults havcf boon corrected for s|iin-orbtt effects (see the text). 
Units arc as indicated. 

Ua(Ua*) Kr 
Atom state           'p ?S 'S 's 
Total energies (hartree)' 

POL-CI        0.22523 0.12130 0.01912 0.97377,, 

Full CI         0.23484 0.12750 0.02305 

Kxcltatlon energies (cV) 

POL-CI        0.00 2.83 5.61 ... 
Full Cl          0.00 2.92 5.70 ... 
Kxpt'l"           0.000 3.005 5.930 ... 

Transition moment (ca0) 

POL-CI        ■•• -l.298d 

fetlmcs (nsec) 

POL-CI 8.2« 
Expt'l 6.8« 

'For Ga the energies are relative to - 1923 hartrer; for Kr the 
energies are relative to -2751 hartree, 

bFor Kr the POL-CI wavefunction is equivalent to the IIF wave- 
function. 

'Reforonce 4. 
*lhi8 Is the matrix ul-iient l/3K?Slx 1^,)+ ('Sly l'P,) 

. <2S|«|'P,)|. 
*Using the experimental excitation energy we obtain 6.9 nsoc. 
'Reference 14. 

With the definitions (7) the dipolo transition moments 
coupling the 1111/2 state with all of the lower stales are 

)it(///l/2-/l/2) = sin8<222*|z|lJ£') (8a) 

M,a//l/2-/l/2) = cos0<28E4|x|ltn^/vr5" (8b) 

>i.(//n/2-7/1/2) =-cos9<2*j:*|z|l8r) (9a) 

M.(///l/2-//l/2) = sine<2!S4|x|l2n,)/y? (9b) 

M,(///l/2-/3/2)=-<2IL-U|lJlIlr)/y2 . (10) 

Since the (22E*lxll!ll,) transition moment is expected 
to be comparable in magnitude to the (22E*UI122*> mo- 
ment (at fl=°0 they are identical), it is clear from (8) 
and (9) that the transitions from the 77/1/2 state of the 
71/2 and 7/1/2 states can have both large parallel and 
perpendicular components. 

I' .   RESULTS FOR Ga, GaKr, AND GaKr» 

A.  Electronic states of Ga, without spin-orbit 
corrections 

The results of the calculations on the Ga atom are 
summarized in Table I,   The computed 'S-2/* excitation 
energy Is 2.83 eV (POL-CI) and 2.92 eV (full a).   Av- 
eraging the multlplet energies for the '/^/g and tPi/l 

states of gallium from Moore,4 the experimental lS~tP 
splitting is calculated to be 3.005 eV, Just 0.08-0.17 
eV larger than the computed spacing.  The errors in the 
calculated ionization potentials, 5.61 eV (POL-CI) and 
5.76 eV (full CI), are somewhat larger, being 0.32 and 
0,17 eV, respectively. 

The lifetime of the Z,S' .state of gallium has been deter- 
mined by Norton and Gallagher" to be C,8 t0.3 nscc. 
For the model used here the lifetime of the lS stale is 
independent of the .spin-orbit corrections.   From the 
POL-CI wavefunclioiis we ralculate a lifetime of 8.2 
nsec for the ZS stale (6.9 nsec, if the experimental ex- 
citation energy is used instead of the calculated excita- 
tion energy). 

B.   Electronic states of GaKr and GaKr*, without 
spin-orbit corrections 

The energies of the I'll, 1,2V, and 1 'E* states of 
GaKr and GaKr* obtained from the POL-CI calculations 
are listed in Table IT and the resultinjj potential energy 
curves are plotted In Fig. 2.   As is usual in such cal- 
culations, s■••'3 the energies of the 12ll and iV states, 
both of which arise from the iP limit, are not exactly 
equal at R^ 15,0a0 (the largest value of R considered). 
The difference, 0.00114 hartree (0.031 eV), is attribut- 
able to the inequivalence of the 4/)(j and 4/jir orbilals and 
to core polarization effects (the core orbitals were ob- 
tained from HF calculations on the 1 *>:* state whicn does 
not have the full rotational symmetry of the atom).   In 
the plots the asymptotic energies of the states have been 
adjusted to give the experimental atomic energy split- 
tings. 

In line with the discussion in Sec. II, the potential en- 
ergy curve for the I'll state is found to be less repulsivt 
than that of the I'z' state, thus making the 14n state the 
ground state of the system.   In fact, wc find that the 
I'll curve is slightly bound, 7),-0.04 eV (see Table ID). 
Although spurious minima have been found in previous 
calculations on excimer systems''13 and attributed to 
basis set limitations, the well in the lJn curve is sub- 
stantially larger than has been observed heretofore.   Wf 
thus suspect that the minimum in the 1 'fl curve is not 
just a result of calculational limitations.   The depth of 
the well in the real 1 'll curve is, of course, expected 
to be significantly larger than that calculated here since 
the POL-CI method is not designed to account for the at 
tractive van der Waals' interaction. 

As predicted in Sec. II both the 2*5:* and 1 lZ* curves 

TABLE U.   Energies obtained from the POL-CI calculations 
on the low-lying electronic states of GaKr and GaKr*.   Dis- 
tances are in bohr; energies are in hartreo.   Energies are 
relative to -4674 hartree. 

GaKr GaKr* 
R 1JII i'r 2,2;* I'E» 

3.75 -1.02539 -0.96866 -0.93379 -0.85625 
4.00 -1.07833 -1.01870 -0.99238 -0.90683 
4.50 -1.14810 -1.08688 -1.06410 -0.96758 
v.QO -1.17924 -1.13516 -1.08855 -0.99287 
S.SO -1.19225 -1.16324 -1.09545 -1.00070 
6.00 -1.19772 -1.17938 -1.09677 -1.00202 
6.50 -1.19984 -1.18865 -1.09631 -1.00107 
7.00 -1.20045 -1.19396 -1.09545 -0.99950 
8.00 -1.20020 -1.19865 -1.09420 -0.99670 

10.00 -1.19933 -1.20029 -1.09406 -0.99402 
15.00 -1.19878 -1.20012 -1.09502 -0.99304 
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THE LOW-LYING STATES OF GaKr AND 
GoKr* 

- 

Ga(2P)+Kr 

0 — 

-■ 11111 . ■ i h n 1111 n 111 i 111 n 111 i 1111 i 1111 r i i- 
1,5   2.0   2.5    30   3 5   4.0   45   50   5 5   60 

R(A) 
FIG. 2.   Calculated potential energy curves for the states of 
GaKr and GaKr* arising from the Ga(2P,2S) t KrC'S) and Ga^'S) 
+ KrC'S) separated atom limits.   The curves have been uniform- 
ly shifted to correct for the errors In the gallium atom excita- 
tion energies. 

are found to be bound with calculated dissociation ener- 
gies of 0.047 and 0.24 eV, respectively.   Again, inclu- 
sion of the attractive van der Waals' L.soraction would 
be expected to significantly increase  the calculated well 
depths.   There is a slight hump in the calculated poten- 
tial curve of the 2*2:* state, -0.026 eV, since the long- 
range interaction of the excited Ga and Kr atoms is re- 
pulsive.  This hump could, however, disappear when the 
van der Waals' attraction is added to the calculated 
curve. 

The dlpole transition moments radia.lvely coupling 
the states of GaKr are given in Table IV and plotted in 
Fig. 3.   AtK=" the transition moment coupling the 12n 
and I2?;* sLates is identically zero and those coupling 
the (l2n, I'lT) states with the Z's* state are approxi- 
mately equal to the tS~1P atomic transition moment 
(after properly accounting for differences In degeneracy 

TABLK III.   Spectroacopio constants for 
the bound states of 6,Ga MKr and 
"Ga'4Kr*.   Units arc as indicated. 

GaKr 
GaKr* 
i2r 

T,. eV 0.00 2.82 6.40 

*: A 3.78 3.17 3.14 

D„ eV 0.041 0.047 0.24 

".- enr1 
3G fi6 83 

B. 0.0312 0.0442 0.0452 

TABLE IV.   Dipole transition moments 
coupling th'j low-lyinj; slates of GaKr ob- 
tained from the I'Ol.-Cl calculnUons, 

R I'S'-l'lI» 2::};,-l2ll» 22r-iV 
3.7Ü -0.0037 -0.7877 0.4095 
4.00 -O.Ö4G2 -0.8080 -0.3055 
4.Ö0 -0.13(ir) -1.2090 -2. 007« 
5.00 0.0'J'J2 -1.2349 -1.4402 
5.50 0.1257 -1.2409 -1.2450 
G.00 O.lKifi -1.2554 -1.1893 
COO 0.0984 -1.2019 -1.1800 
7.00 0.0789 - 1.2077 -1.1902 
8.00 0.047Ü -1.2777 -1.2310 

10.00 0.0103 -1.2898 - 1.2970 
15.00 0.0018 -1.2917 -1.3101 

*Tho matrix element given is («{£*U|l'n,). 

factors).   As R decreases rather minor changes occur 
until fl~2,5 A.   For fi< 2.5 A substantial change? are 
noted in all of the transition moments, although the 
change In the 2z2,-liIl moment is less dramatic than 
for the 2 V-l 's* and 1 V-l H\ moments.   The erratic 
behavior of the transition moments for /?< 2.5 A is one 
manifestation of the strong Interaction of the 1 !£* and 
2*2* states at short R. 

Although, as noted above, substantial changes are 
found In the transition moments for /?< 2.5 A, such be- 
havior can be expected to have little effect on the ob- 
servable properties of the system.   At fl - 2.5 A the en- 
ergy of the 2i'E* slate is >0.5 eV above its asymptote 
so that the region Ä< 2.5 A would be thermally Inacessl- 
ble. 

DIPOLE TRANSITION  MOMENTS AMONG 
THE  LOW-LYING  STATES OF GoKr 
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FIG. 3,   Calculated dlpole transition moments for the I's*- 
l'n, 2!E4-12II, and 2 ^-l^* transitions In GaKr. 
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THE LOW-LYING STATES OF GaKr AND 
GoKr* WITH   SPIN-ORBIT  CORRECTIONS 

'OLTiniiiminiiiiniiiiiiiinimiiiiii'Ti, 

>   6^ 

>- 
O 
K 
Ul    4 
Z 
UJ 

Ga'l'sj + Kr 

Gal?Sl/2) + Kr 

Ga(2Pj/2)+Kr   I 

Ga(iP(/z) + Kf 
Tiiiliiiilinilinilnillmiliinlii iilm- 

15    20    2 5   3 0   3 5  40   4 5   50   5 5   6.0 

R(A) 
KIG. 4.   Calculated potential energy curves for the states of 
GaKr and GaKr* arlsinjj from the Ga(2/)

)/ji j^j, vS1/2)< Kr(1S0) 
and Ga'(lS8)4 KrC'Sj) separated atom limits.   The curves have 
been imiformly shifted to correct for the errors In the gallium 
excitation energies. 

C.   Electronic states of GaKr and GaKr', with spin 
orbit corrections 

The energies of the states of GaKr and GaKr' with 
spin-orbit corrections are glvon in Table V and the re- 
sulting potential energy curves are plotted in Fig. 4. 
In calculating the spin-orbit corrected energies we 
shifted the 12n energies to agree with the 1 lZ' energy 
at the largest value of R considered (R = 15.0a0).   Again, 
In plotting the potential energy curves, the asymptotic 
energies of the states have been adjusted to give the cor- 
rect atomic energy splittings. 

As predicted in Sec. II, at short R the curves for the 

TABLE V.   Calculated energies of the / 1/2, 
// 1/2, and / 3/2 states of GaKr with spin- 
orbit corrections.   Dtelances are In bohrj 
energies are in hartroe.   Energies are 
relative to the eneruy of the l'r' state at 
Ä-15 fl0. 

R / 1/2 7 3/2 77 1/2 

3.75 0.17228 0.17484 0.23152 
4.00 0.11835 0.12091 0.18147 
4.50 0.04957 0.05213 0.11329 
5.00 0.01841 0.02099 0.06502 
6. GO 0.00538 0.00799 0.03C98 
6.00 -0.00015 0.00252 0,02089 
6.50 -0.00234 0.00040 0.0U70 
7.00 -0.00307 -0,00022 0.00650 
8.00 -0.00316 0.00003 0.00215 

10.00 -0.00280 0.00090 0.00103 
15.00 -0.00251 0.00126 0.00126 

 iiii fejte 

TABLE VI.   Calculated dipole transition moments coupllnR the 
777 1/2 and / 1/2, II 1/2 mid / 3/2 slHles of GaKr with Kpin- 
orbll corrections.   DUtancea are In bohr;  momems are In 
atomic unlth. 

III 1/2- ■/ 1/2 /// !/£• -// 1/2 III :/2-/3/2 

A « (x.V) « ix.y) 0t,y) 

4.00 -0.0080 0.C135 -0.3054 -0.0173 -0.0138 
4.50 -0.057ii 0.8515 -2.0007 -0.0238 -0.8549 
5.00 -0.0549 0. 8720 -1.4392 -0.0333 -0.8732 
5.50 -0,0701 0.8803 -1.2437 -0.Ö196 -0.8817 
6.00 -0.1007 0.8H45 -1.1850 -0.0752 -0.8877 
0.50 -0.1504 0.8850 -1.1704 -0.1138 -0,8923 
7.00 -0.2249 0.8803 -1.1688 -0.1094 -0.8U04 
8.00 - 0.44Ü& 0.84 30 -l.:495 -0.3233 -0.9035 

10.00 - 0.725'! 0.75G2 -1.0759 -0,5098 -0.9120 
15.00 -0.7564 0.7457 - 1.0097 -0.5273 -0.9134 

11/2 and 73/2 states bpcornc nearly degenerate and just 
represent thn curves for the two spln-orblt components 
of the I'll state.   Also, at short R the Ill/'i curve close- 
ly approximates the curve for the lai;* state.   The po- 
tential energy curves for the 22S* (7/71/2) and 1 '^'(/O) 
states are unchanged by the inclusion of spin-orbit cor- 
rections. 

The dipolo transition moments radlatively coupling the 
states of GaKr with spin-orbit corrections are given in 
Table VI and are plotted in Fig. 5.   It should be noted 
that both the z component of the ///1/2-/1/2 transition 
and the x component of the ///1/2-//1/2 transition are 
now found to vary significantly even for K > 2.5 Ä.   This 
is due to the changing nature of the /1/2 and //1/2 states 

DIPOLE   TRANSITION   MOMENTS AMONG 
THE   LOW-LYING   STATES  OF GoKr WITH 

SPIN-ORBIT CORRECTIONS 

rill ilinip i ii[iii i |i ii i |i 111| rni| 1111| 11 n: 

i-2 
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R(A) 

FIQ. 5.   Calculated dipole tranaltlon moments for the 77/ 1/2- 
/ 1/2, 7/7 1/2-7 3/2, and /// 1/2-77 1/2 tranBltions In GaKr. 
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TAIU-K VII.   Kxcilatlon enerfios »ml ion- 
IzHlInn iiotentials for iho G», In, ami Tl 
BtoniH, in eV.   Tnl.un from Itcf.  1. 

Group IIIA Htonis 

StaU; Gn In Tl 

'Pm 0.000 0.000 0.000 

'Pu, 0.102 0.27i 0. 900 

Sl/2 3,073 3.022 3.282 

's. 5.998 5.780 e.lOB 

as the atomic spin-orbit coupling is quenched by molec- 
ular formation. 

V.   EXTRAPOLATION TO InKr AND TIKr 

To provide Information on the InKr and TIKr mole- 
cules, the lallcr being the most experimentally accessi- 
ble of the Group IIIA-krypton molecules, the potential 
curves for InKr and TIKr have been e.stimated from the 
GaKr curves.   The excitation energies and ionization 
potentials for the scries Ga, In, and Tl are given in Ta- 
ble VII.   As can be seen, this series does not form a 
steady progression: In has a lower ionization potential 
and excitation energies than Ga, as expected, but Tl has 
a higher ionization potential and excitation energies. 
This anomalous behavior In Tl is due in part to the fill- 
ing of the 4/ shell ("lanthanido contraction") and to the 
larger spin-orbit interactions.16  These effects are only 
partially accounted for in the present models. 

To simulate InKr and TIKr, the experimental spin- 

THE  LOW-LYING  STATES OF TIKr AND 
TIKr* WITH   SPIN-ORBIT  CORRECTIONS 

10 FTTT 
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>- 
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TirSt/2)+Kr    - 

Tl(    P3/2)+Kr     - 
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11" 111■'I' 1111111111111111111111' 111111111 f 

1.5    2,0    2 5    3 0   3 5   40   4 5   50   5 5    6.0 

R(A) 
FIG. 7.    Model poteiltlal energy curves for the stales of TIKr 
ajid TIKr* arising from the 'rH2l'i/iti/t.

lSU7) • Kr(lS,)) and 
In'('S,,)* Kr^Sg) separated atom limits, see the text. 

orbit parameters for In and Tl, see Table VII, wore 
used to couple the curves calculated for GaKr.   The po- 
tential energy curves for InKr and TIKr obtained in this 
way are expected to be qualitatively correct; the curves 
are plotted in Figs. 6 and 7,   As before, the plotted 

THE  LOW-LYING STATES OF InKr AND 
InKr* WITH   SPIN-0R8IT  CORRECTIONS 

10 ill|ilil|llli|ilii|iili|ini|ii<M'i|ll,"l
; 

In^'s.l+Kr 

l!i(28|/2)+Kf 

In{  Ps/2)*Kr 
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R(A) 
FIG. 0.   V jdcl potential energy curves for the states of InKr 
and UiKr* arising from the In^P,,?, j/^'S,/,)*- Krf'S,,) and 
InVSj) i KH'Sg) aeparatod atom limits, see the text. 

DIPOLE  TRANSITION    MOMENTS  CONNECTING 
THE   LOW-LYING   STATES  OF   TIKr  WITH 

SPIN-ORBIT CORRECTIONS 

2 

I 

O 

-I 

-Z 

-3 

-4 

-5 

-6& 

ii M.| 111 i)ii i iii 111| 1111] 11 ii] 1111| 11 np TIT 

-m B- 

'mi-i{)Xt1 

~^- 6 

m{-i\\ä 

=■ i ■ i I '' n 11 i I 111 i i 111 i i i I i i . 11 i . i 11 i i i ■ I i i ..: 

.5    2.0    2.5    3 0    3.5    4.0    4.5    5.0     5.5     6.0 

R(A) 
FIO. 8.   Model dlpolo tranaltion . .omonts for the /// 1/2-7 1/2, 
//; 1/Z-/ 3/2, and /// 1/2-7/ 1/2 trarsltlomi In TIKr. 

.f .flfr -r-   "' 



Dunning, Valley, and Taylor: Electronic states o( GaKr 2679 

10^ 

«a 

E 

h- 
UJ 
o 
LL 

CoKr (30CrK) 

yj 
y u_ 
LL 

8 

KT^r n i 
1       ' 

MS   417        \ 

GaKr (1500'K) 

j 
I   r" 

lo-l 

10-1 
X^-^gi/ 

\                 X 

OP«. 
400  420  440  460  480  500  520  640 400  420  440  460  480  500  520 

X(nm) X(nm) 
FIG. 9.   Calculated absorption, KV{.T), njid stlmulftted emission, ^„(7), coeffictents for GaKr at r = 300 and 1500"K. 

curves have been shifted to give the correct atomic 
excitation energies.   The effect of the increasing 
spin-orbit interaction in the sequence Ga<In< Tl is evi- 
dent in Figs. 4,6, and 7. 

Using the transition moments obtained from the calcu- 
lations on GaKr and the wavefunctions obtained from the 
TlKr simulation, the transition moments of TIKr have 
been estimated.   The moments so obtained are plotted 
in Fig. 8. 

V.  ABSORPTION AND STIMULATED EMISSION 
COEFFICIENTS FOR GaKr, InKr, AND TIKr 

The interest In the Group IIIA-rare gas systems arises 
from the possibility of their use as visible laser sys- 
tems.   In order to judge their usefulness as lasers It Is 
convenient to calculate the pure absorption, KviJ), and 
stimulated emission, ^(T), coefficients for the perturbed 
atomic transitions.  Obtaining quantum mechanical re- 
sults for these quantities would require a complex cal- 
culation which is not justified by the extrapolations used 
to obtain the InKr and TIKr curves.   Consequently, we 
have used instead the method of Gallagher and co- 
workers,18 which is based on the classical Franck- 
Condon principle.   In this approximation 

Am,=[M*ffxl(Xl/8ffV4e(*WAe)^r) 

and 

/;Kn=4*«( <)' 
1    .PWIg« 

dvldR{v)   J5F5 gk 

xexp{-/[Ä(f)]Ar} . 

In these equations, J refers to the bands associated with 
the 8S1/2-!/>/ transition, (/„ and X0 are the frequency and 
wavelength of the atomic transition with a transition rate 
oMo('/). Ä* =2 for the 2S1/2 state and^ 2./+1 for the 
•p,, states, /){/?) is the transition dipolo moment at R, 
gm and ir» are the statistical weights of '.he excited mo- 
lecular and parent atomic state, and V*{R) is the excited 
state potential curve relative to the energy of the ex- 
cited atomic state.   [M], [M*], and [X] arc the concen- 
trations of ground and excited rnetal atoms and of rare 
gas atoms at the temperature T. 

In order to obtain £,(7") and KV{T), the calculated 
curves were first fit with cubic splines.   The spline fit 
was then used to calculate dv/dR, and these quantities, 
along with the atomic transition rates,'4 were used to cal- 
culate the absorption and stimulated emission coeffi- 
cients for pressure and excitation conditions relevant to 
the experimental studies.   We have calculated the coef- 
ficients for two different types of conditions.   The high 
temperature results correspond to the case where the 
concentration of the metal is obtained from the vapor 
pressure of the metal itself, while the low temperature 
results correspond to obtaining the required concentra- 
tion of the metal from vaporization of MIj.   This latter 
condition has been suggested by Gallagher3 as a possible 
means of obtaining high concentrations of the metal at 
low temperatures.  In both cases the denaities used are 
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9-11.   In these fitfuros the solid lines are the total coef- 
ficient!) calculated by assuming that the transition mo- 
nient, Dili), is a constant.   The A"s are the coefficients 
obtained by usinß the spatially averaged values of D{H) 
calculated from Table VI and the appropriate spin-orbit 
parameters.   For GaKr at 1500oK (Fif;. 10) and for 
403.4<X< 417.3 nm, A'^10"3 cm'1.   The dip in ^ close 
to the line center is due to the positive value of V*{R 
-8fl0)-r(/e = -). 

The gain coefficient, which is approximately equal to 
Ky-Xr can be estimated from these curves.   For the fre- 
quencies at which pain occurs, the use of UlK) decreases 
K,, K,, and the gain by 30-40% for GaKr and by 9-15% 
for TIKr.   For TIKr the errors introduced by the ex- 
trapolation procedure are likely to be larger than those 
produced by using /)(*) rather than Ü{R).   The maximum 
gain occurs approximately at the minimum in the III 1/2 
curve.   Because^ depends exponentially on V*, changes 
in the well depth of the excited stale would have a sig- 
nificant effect on %„,   If the well depth were larger for 
TIKr, as Gallagher and co-workers predict,1 gv and the 
gain would be larger.   Likewise, since the excited state 
in TIXe is predicted1 to be more bound than in TIKr, the 
gain should be larger for TIXe than for TIKr. 
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